Several investigators have suggested that between-subject variations in hearing aid benefit may be related to between-subject variations in auditory resolution. Evaluation of this relationship is complicated by the need to assess resolution at several frequencies and levels in hearingimpaired listeners who may not tolerate lengthy test procedures. This paper reports data from normal-hearing listeners for abbreviated indices of frequency and temporal resolution. For a particular frequency-stimulus level combination, both indices may be derived from three puretone thresholds obtained with different masking stimuli. Norms are reported as a function of masker level for each index at four test frequencies. Changes in the indices as a function of masker level were consistent with expectations based on related studies by other investigators. Norms were obtained using a supra-aural earphone. Comparison of results from supra-aural and insert earphones suggested that low-frequency sound leakage substantially affected the norms for 500 Hz. Reliability of individual indices was good to excellent. 
In view of the wide variability in frequency and temporal resolution observed in individuals with the same hearing loss, and the probable relationship between auditory resolution and speech intelligibility, it is reasonable to hypothesize that between-subject differences in hearing aid benefit (defined as improved speech understanding ability) can be partially explained by between-subject differences in auditory resolution variables. One factor that complicates the evaluation of any relationship between hearing aid benefit and resolution abilities is the effect of stimulus level. Both frequency and temporal resolution are known to vary with stimulus level in normal-hearing listeners but data describing variations with level in hearing-impaired listeners are more scarce. If auditory resolution varies with stimulus levels, the relationship between resolution and hearing aid benefit would be influenced by the listening levels for amplified and unamplified speech. The potential importance of this factor is supported by studies showing that speech recognition is strongly related to presentation level in hearing-impaired listeners and that there is often an optimal presentation level for which the highest scores are obtained (e.g., Gutnick,
1982; Yantis etak, 1966).
Before the relationship between auditory resolution and hearing aid benefit can be explored, it is necessary to formulate procedures for measurement of frequency and temporal resolution in hearing aid wearers. Most laboratory methods are arduous and may be too demanding for the typical elderly hearing aid wearer, especially if we wish to generate resolution data at several frequencies and stimulus levels. This paper describes results for two indices, one for frequency resolution and one for temporal resolution, that were developed for use with hearing aid wearers. The present data encompass results obtained for normal-hearing subjects as a function of presentation level. The goals of this work were to determine whether these temporal and frequency resolution indices would produce patterns for normal hearers that were consistent with published data based on related but more traditional measurement procedures; to generate norms for each index at several test frequencies; and, to evaluate the reliability of the indices.
I. EQUIPMENT I: DERIVATION OF NORMS
A. Method
Resolution indices
The frequency resolution index (FRI) measurement procedure was based on a method suggested by Patterson et al. (1982) . The approach is an abbreviation of the notchednoise masking method used by these and many other investigators to determine auditory filter bandwidth. The FRI was taken as the difference between two pure-tone thresholds. The first threshold was obtained in the presence of a bandpass white noise masker centered on the test frequency and having a bandwidth of 0.8fo Hz ( fo = test frequency). The second threshold was obtained in the presence of a notchednoise masker in which a notch, _+ 0.3fo Hz wide, centered on the test frequency, was defined by two bands of white noise each 0.4fo Hz in width. Notch slopes were about 200 dB/ octave and minimum notch depth was 35 dB. This minimum depth was chosen based on a pilot study which determined that the FRI was essentially unchanged for notch depths ranging from 50 to 30 dB when masker spectrum level was held constant at 40 dB. In practice, notch depths as small as 35 dB were used only for low-level maskers. Typical notch depths were 40-50 dB.
The temporal resolution index (TRI) measurement procedure was an adaptation of the test for temporal resolution factor described by Zwieker (1980). Like the FRI, the TRI was taken as the difference between two pure tone thresholds. The first threshold was obtained using the same 0.8f)-Hz bandwidth white noise masker as used for the FRI. The second threshold was obtained with the same masking noise (0.8fo-Hz bandwidth) 100% amplitude modulated by a 14-Hz square wave.
Thus, for one test frequency, at one masking level, both the FRI and the TRI were derived from pure-tone thresholds obtained with three different bandlimited white noise maskers. They will be referred to as bandpass (unmodulated-unnotched), notched (unmodulated-notched), and modulated (modulated-unnotched). Wide-band modulated and unmodulated noises were produced by a function synthesizer (Hewlett Packard model 8904A). These noises were notched and/or bandlimited using two cascaded twochannel brickwall filters (Wavetek model 852), and a bandpass filter (Frequency devices model 9002), respectively. Signals were presented via a Telephonics TDH49 earphone encased in a Telephonics MX41-AR supra-aural cushion and spring headband. Levels were calibrated in a standard 6-cm 3 coupler. The nominal level of all maskers was the corresponding one-octave band level of the bandpass masker. At each nominal masker level, the three masking noises were presented at the same spectrum level.
Procedure
The indices were measured using a Bekesy tracking test method. Threshold for the pulsed test tone was tracked in the presence of each of the three continuous masking noises. The one-octave band level of the bandpass and modulated maskers was varied from 40 to 90 dB SPL at all test frequencies. For the notched masker, the lowest sound-pressure level used was the lowest level at which it was possible to maintain a 35-dB notch depth (44 dB $PL at the three lower test frequencies and 52 dB SPL at 3000 Hz), 90 dB SPL was the upper limit.
A test run began with the masker at the lowest level. During a run, the level of the masker was incremented in ldB steps at the rate of 10 dB/min. The test tone was pulsed at a rate of 2.5 pulses/s (rise/fall time = 15 ms) with a 50% duty cycle. The subject was instructed to respond by depressing a button when the tone was audible and releasing the For all test frequencies, a white noise with low-pass cutoff below the frequency limits of the primary maskers was added at a spectrum level 25 dB below that of the primary maskers to ensure that switching transients or other distortion products would be inaudible. In addition, to prevent participation by the untested ear, white noise at an effective masking level of 40-45 dB SPL was presented to the contralateral earphone.
Data were collected at four test frequencies: 500, 1250, 2000, and 3000 Hz. For each test frequency, two runs were executed for each of the three maskers. This test procedure required about 40 min of testing time per frequency.
Subjects
Ten subjects provided data for each index at each test frequency. Except for one subject at 3000 Hz, the same individuals served at all frequencies. Subjects' pure-tone thresholds for the test frequencies were less than 25 dB SPL. Ages ranged from 22 to 34 years, with a mean of 26.
B. Results and discussion
For each subject and test frequency, masking functions were generated for each of the three maskers. For a given masker, the function was computed using the midpoints of tracking excursions for both test runs combined. The analysis procedures provided for discarding any data where masked thresholds were within 5 dB of threshold in quiet (however, it was not necessary to discard any data on this basis). The number of excursion midpoints used to produce each function varied across subjects because tracking excursion widths differed. The range was 84 to 238, with a mean of 147 data points per function. To generate a masking function, these midpoint data were subjected to regression analy-sis to establish a least-squares best-fit line.
A preliminary analysis was performed to determine whether data for each masker were more accurately described by a first-or second-order polynomial. Both first and second-order functions were generated for each subject-frequency-masker condition and the standard error of estimate (S•) was determined for each function. The S,• data were subjected to a three-way analysis of variance with test frequency, masker, and regression order as variables. This analysis produced a significant interaction between masker and regression order (F[2,18] = 111.1, p<0.001). Post hoe analysis revealed that, for the notched masker, the S• was significantly smaller ( p < 0.001 ) when a second-order regression was used whereas regression order did not significantly impact the See for the two other maskers. Based on this outcome, a first-order polynomial was used to produce masking functions for both the bandpass and modulated maskers. A second-order polynomial was used to generate functions for the notched masker. Using these procedures, the mean See Was in the range 2.0 to 2.2 dB, and standard deviations of Sees were < 0.5 dB, for all maskers.
The resulting masking functions are illustrated in Fig For each test frequency, these data were used to generate norms for each index. The procedure was as follows: ( 1 ) . It is anticipated that only 5% of normal hearing listeners would produce data outside these bounds. Normalization of the masking functions for the bandpass masker minimized the effects of between-subject differences in detector efficiency. Nevertheless, even after normalization, between-subject differences were substantial for the other two maskers. This is revealed by the relatively wide separation between the upper and lower bounds of the norms for these maskers in Figs. 2-5 (the dash-dot lines). To allow accurate reproduction of these norms by other investigators, the four curves comprising each panel were empirically fitted with second-order polynomials. All of the derived curves produced a correlation in excess of 0.999 with the original curve. Coefficients for the resulting equations are given in Table I •9ø i The curved masking functions for the notched noise were indicative of a region of masker levels where frequency resolution abilities were at a maximum: both higher and lower masker levels produced smaller indices. These results can be seen in Figs. 2-5 but are especially clear in Fig. 7 which depicts the mean FRI function for each test frequency. To produce these functions, the mean normalized masking function for the notched masker was subtracted from that for the bandpass masker at each test frequency. These mean functions describe the extent to which the typical listener was able to benefit from the spectral notch in the masking noise to improve detection of the test tone. As Fig. 7 In the present study, the masker spectrum levels yielding maximum FRI data were hypothesised to correspond to regions of symmetric masking effects. Using the data of Fig.   7 , the spectrum levels were found to be 44.5, 30.5, 28.5, and 31.7 dB at 500, 1250, 2000, and 3000 Hz, respectively. Except for the somewhat high value at 500 Hz (see experiment II), these results correspond well to the levels cited by other investigators as producing symmetric masking, lending sup-port to our interpretation of the FRI data in terms of a progression from downward spread of masking to symmetric masking and then to upward spread of masking effects as masker level is increased. 
II. EXPERIMENT I1: NORMS FOR INSERT EARPHONE
To evaluate the likely effects of low-frequency leakage under the Telephonics earphone cushion, additional norms (both FRI and TRI) were generated for the 500-Hz test frequency using an insert earphone (Etymotic ER-3A) coupled to the earcanal with a compressible foam earplug. Because the foam earplug makes a tight seal with the earcanal, low-frequency acoustic leakage was essentially eliminated.
I. Subjects
Ten normal-hearing subjects participated, eight of them also served in experiment I to generate norms at 500 Hz for the supra-aural earphone. The two new subjects were similar to those in the original group.
Procedure
Instrumentation, measurement procedures, and methods for generating masking functions and index functions were identical to those used in experiment I. Levels were calibrated in a standard HA-2 2-cm 3 coupler using the procedure recommended by the earphone manufacturer. each earphone. The function for the insert (ER-3A) earphone is similar to that for the supra-aural (TDH49) earphone at low masker levels but diverges systematically as masker level increases. The octave band masker level that produced the maximum mean FRI was reduced from 70 dB for the supra-aural earphone to 60 dB for the insert earphone. This value is more consistent with the supra-aural earphone results for higher frequencies where acoustic leakage was not expected to occur (see Fig. 7 ). In addition, the corresponding spectrum level of 34.5 dB is in closer accord with levels determined by previous investigators to produce symmetrical masking and to correspond to a symmetrically shaped auditory filter.
The right panel of Fig. 8 compares the TR! norms obtained with the supra-aural and insert earphones. The results for the modulted noise are similar but at slightly different levels for the two earphones: For a given nominal masker level, tone thresholds in the modulated masker were a few decibels lower in the insert earphone condition. This outcome may be attributable to the slightly higher level produced in the earcanal by the insert earphone. The result was a slightly larger mean TRI for the insert earphone at all nominal masker levels, as illustrated in Fig. 9 . Comparison of these data with those in Fig. 6 reveals that the insert earphone data at 500 Hz are in good agreement with the supraaural earphone data at higher frequencies. 
IV. GENERAL DISCUSSION
Overall, these simplified measures of frequency and temporal resolution produced results for normal hearers that were consistent with data reported in several previous investigations that used similar or related procedures and stimuli. At each test frequency, the range of results for normal-hearing listeners was fairly wide, but the individual indices were quite reliable. Further research is needed to determine the extent to which performance of hearing-impaired listeners typically falls outside of these bounds.
It should be kept in mind that the norms presented in Table I apply to measurement of FRI and TRI obtained with Telephonics TDH49 earphones, MX41-AR supra-aural cushions, and spring headband. This transducer assembly was chosen because it is in widespread use in both research and clinical endeavors. However, the results of experiment II suggest that FRI and TRI data obtained at 500 Hz with this earphone are strongly influenced by leakage under the cushion-headband assembly. Although this does not invalidate the norms at 500 Hz, these data might be of limited usefulness. For measurements at 500 Hz, it would be reasonable to use the ER-3A earphone instead. However, the bandwidth and output limitations of this earphone make it unsuitable for tests at high frequencies or high levels. 
